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012.12.0Abstract The elliptical cross-section spiral equal-channel extrusion (ECSEE) process is simulated
by using Deform-3D ﬁnite element software. The ratio m of major-axis to minor-axis length for
ellipse-cross-section, the torsion angle u, the round-ellipse cross-section transitional channel L1,
the elliptical rotation cross-section transitional channel L2 and the ellipse-round cross-section tran-
sitional channel L3 are destined for the extrusion process parameters. The average effective strain
eave on cross-section of blank, the deformation uniformity coefﬁcient a and the value of maximum
damage dmax are chosen to be the optimize indexes, and the virtual orthogonal experiment of L16
(45) is designed. The correlation degree of the process factors affecting eave, a and dmax is analyzed
by the numerical simulation results using the weights and grey association model. The process
parameters are optimized by introducing the grey situation decision theory and the ECSEE optimal
combination of process parameters is obtained: u of 120, m of 1.55, L1 of 7 mm, L2 of 10 mm, and
L3 of 10 mm. Simulation and experimental results show that the material can be reﬁned with the
optimized structural parameters of die. Therefore, the optimization results are satisfactory.
ª 2013 CSAA & BUAA. Production and hosting by Elsevier Ltd.Open access under CC BY-NC-ND license.1. Introduction
With the rapid development of industrialization, for the need
of the ultraﬁne-grained (UFG) materials used in information,8847117.
(F. Li).
orial Committe of CJA.
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12biological, medical and aerospace, spaceﬂight and other ﬁelds,
the large-scale production of UFG materials has become one
of the core technologies in global metal industry.1 Severe plas-
tic deformation (SPD) method can fabricate bulk UFG metals
and alloys.1,2 For example, intense rolling or drawing is
accompanied with microstructure reﬁnement and formation
of cells, subgrains and fragments.2,3 SPD method has become
a highly productive potential technology for preparation of
UFG bulk materials. The most common SPD methods in-
clude1–3 equal-channel angle pressing (ECAP), high pressure
torsion (HPT), multi-directional forging (MF), sandglass
extrusion (SE), accumulated roll-bonding (ARB), repetitive
corrugation and straightening (RCS), twist extrusion (TE)4
and constrained groove pressing (CGP). Northwesterntd.Open access under CC BY-NC-ND license.
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method named elliptical cross-section spiral equal-channel
extrusion (ECSEE)5 based on years of research at home and
abroad. The new technology has the good deformation and high
efﬁciency for materials forming due to its advantage of collect-
ing the torsion shear, extrusion and upsetting deformation.
Considering the various process parameters and complexity
deformation mechanism of ECSEE, it is necessary to optimize
the ECSEE dominant affecting factors of process indexes and
parameters. The correlation of process parameters and process
indexes is the basis of establishing the optimization model.
There are varieties of theoretical approaches currently, such as
regression analysis,6 artiﬁcial neural networks,7 genetic algo-
rithms8 and some other factors and secondary factors of
conventional analysis methods, such as analysis of variance9
and principal component analysis.10 These above-mentioned
methods try to ﬁnd the model of statistical regularities from a
large number of data samples. Somany shortcomings are incon-
venient in the practical analysis.11,12
The grey theory11,12 analysis eliminates the defects ofmathemat-
ical statistical methods in systematic analysis and can provide a
solution of system in which the model is unsure or the information
is incomplete. Some other researchers have investigated the optimi-
zationof process parameters inmanyﬁelds, for example, the electri-
cal discharge grinding of diamond woodworking cutter,13 the
injection molding,14 the electrical discharge machining15,16 and
the laser cutting.17 Xie et al. combined the grey theory with Robust
theory in the design of deep drawing18 and stamping.19 Some schol-
ars created the innovative theory of grey-Taguchimethod to broad-
en the application of the grey theory.20,21
The purpose of this paper is to present an efﬁcient method to
ﬁnd the signiﬁcant die structural parameters affecting ECSEE
process by integrating grey analysis and statistical method. Fur-
thermore, it is feasible to obtain structural parameters for a de-
sired deformation process by the grey analysis. The FEM and
experimental results also verify the accuracy of optimal solution.
2. Basic principle of grey theory
2.1. Weighted grey correlation theory
The grey relational coefﬁcient can be calculated as follows:
niðkÞ ¼
nmax
i2m
max
k2n
jx0ðkÞ; xiðkÞj
k1 x0ðkÞ
i2m
;xiðkÞ
k2n

þ k2 x00ðkÞ
i2m
;x0iðkÞ
k2n

þ nmaxi2m maxk2n jx0ðkÞ; xiðkÞj
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ri ¼ rðx0; xiÞ ¼ 1
n
Xn
k¼1
niðkÞ ð2Þ
where ri is the grey relational grade of xi corresponding to x0,
k1 the displacement weighted coefﬁcient, k2 the change rate
weighted coefﬁcient, 0 < n< 1, k1P 0, k2P 0, k1 + k2 = 1;
i, k, m, n are the serial numbers.
The sum of the property factors in the series and the entro-
py of factors are respectively calculated as follows:
Dk ¼
Xn
i¼1
xkðiÞ ð3Þ
ek ¼ 1
n
Xn
i¼1
f
xiðkÞ
Dk
 
ð4Þwhere f(x) = xe1x + (1  x)ex  1 is whitening weight func-
tion, and the sum of entropy is obtained as
E ¼
Xm
k¼1
ek ð5Þ
The relative weight of factors is described as
rk ¼ 1
m E ð1 ekÞ ð6Þ
Then, the weight of factors is processed by the normaliza-
tion method:
bk ¼ rk
Xm
k¼1
rk
,
ð7Þ2.2. Grey situation decision theory
Let uij be the effect of sample for situation sij
11 under objective
function p, where p 2 P= {1,2,. . ., l}, U the matrix of the ef-
fect of sample objective function p.
U ¼
up11 u
p
12    up1m
up21 u
p
22    up2m
..
. ..
. ..
.
upn1 u
p
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2
66664
3
77775
Let rpij be the image of u
p
ij, denoted as Meff : u
p
ij ! rpij;Meff is
called the interchanging of effect measure or interchanging of
effect,12 and rpij is described as the effect measure for the situa-
tion sij under objective function p.
When upij is positive polarity
Meff u
p
ij
  ¼ upij
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i
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j
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When upij is negative polarity
Meff u
p
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p
ij
upij
8>><
>>:
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When upij is moderately polar
Meff u
p
ij
  ¼ min u0; upij
 
max u0; u
p
ij
 
rpij ¼
min u0; u
p
ij
 
max u0; u
p
ij
 
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where u0 is moderate value.
One function of interchanging of effect is transforming the
different polarities of effect sample upij into r
p
ij with the uniform
polarity, so the whole rpij is called the polarity uniﬁed space.
11,12
When p ¼ 1; 2; . . . ; l; rRij is called the uniﬁed effect measure
or the uniﬁed measure (R means the sum of the functions).
rRij ¼
1
l
Xl
p¼1
rpij ð11Þ
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r ¼
rR11 r
R
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where ri ¼ rRi1 rRi2    rRim
 
is the polarity uniﬁed space corre-
sponding to the events ai.
rRij ¼ maxjrRij rRij ) sij ¼ ðai; bj Þ ð12Þ
where sij is the satisfying situation of ai, and bj the satisfying
decision of ai.
3. Virtual orthogonal experiment of structural parameters for
ECSEE die
The ECSEE method tries to decrease the strict requirements of
pressure and equipment. The schematic diagram of blank via
the channel of ECSEE die is shown in Fig. 1. ECSEE is based
on extruding out a round-bar blank through the die with a
proﬁle consisting of three channel regions: round-ellipse
cross-section transitional channel L1, elliptical cross-section
torsion transitional channel L2 and ellipse-round cross-section
transitional channel L3. The blank undergoes severe deforma-
tion while maintaining its original cross-section (the diameter
D1 is round-cross-section blank formed before and after). This
property allows the blank to be extruded repeatedly in order to
accumulate deformation, which changes the microstructure
and properties of blank.
The optimization aim of ECSEE process parameters is to
ﬁnd the case of the greatest degree and homogenous defor-
mation without cracking. Empirical analysis determines the
cumulative effective strain of cross-section of blank, the de-
gree of deformation uniformity and damage factors as the
process indexes, and then the indexes are quantiﬁed. The
average effective strain eave on cross-section of blank, defor-
mation uniformity coefﬁcient a and the maximum value of
damage dmax are chosen to weigh, where a= (emax  emin)/
eave.Fig. 1 Schematic diagram of blank via the channel of ECSEE
die.In ECSEE, the factors affecting the indexes are various
and complex, so the structural parameters of die are selected
for the main factors impacting indexes. The preliminary
analysis determines the ratio of major-axis to minor-axis
of the elliptical cross-section m (1.25–1.55), rotation angle
u (60–150), round-ellipse cross-section transitional channel
L1, elliptical cross-section torsion transitional channel L2
(L2P L1, L2P L3) and ellipse-round cross-section transi-
tional channel L3 as the ﬁve factors of orthogonal experi-
ment design. Each of these factors are determined four
level, m (1.25, 1.35, 1.45, 1.55), a (60, 90, 120, 150), L2
(10, 15, 20, 25), L1 (4, 7, 10, 13) and L3 (4, 7, 10, 13),
the units of L1, L2 and L3 are mm. The process factors such
as temperature, extrusion speed, friction coefﬁcient and the
back pressure are not considered for they are constant in
the simulation.
According to the number of factors and levels for the deter-
mined structure parameters of ECSEE die, the L16 (4
5) mixed
orthogonal table is selected with ﬁve factors and four lev-
els.11,12 The virtual experiment analysis of ECSEE process
for pure copper blanks is simulated by using Deform-3D ﬁnite
element software at room temperature for 16 times. The fric-
tion contact of blank and die uses the normal friction condi-
tion and four-node tetrahedral isoparametric elements for
discrete parts; the friction factor is 0.4. The speciﬁc experiment
arrangements and simulation results are shown in Table 1.
4. Dominant factors analysis of structure parameters of ECSEE
die
4.1. Determination of weight
In the grey correlation analysis, if the series data are much dif-
ferent in size, the small value of the series will be covered by
the large ones. Therefore, all data of series are usually divided
by each ﬁrst one to get a new series of data. The method is
called the initializing value processing.12 The results shown
in Table 2 are the initializing value processing of data from
Table 1.
According to Eq. (3), the sum of the property factors of ser-
ies is calculated as D1 = 28, D2 = 17.92, D3 = 34, D4 = 28
and D5 = 34. The entropy factor e is obtained by Eqs. (4)–
(7), and the entropy sum is obtained, E= 0.7817. The results
of the relative weighted r and weighted value b for each factor
are shown in Table 3.
4.2. Weighted correlation analysis
The inverse accumulated generating series are obtained via cal-
culating the difference of two adjacent data in series, and the
results are shown in Table 4.
In practical applications, k1 and k2 could be appropriately
adjusted according to the focus of speciﬁc issues. If the rela-
tionship between analysis factors and the relative displacement
is not signiﬁcant, k2 and k1 could be increased and reduced,
respectively; if the relationship between analysis factors and
change rate is not signiﬁcant, k1 and k2 could be increased
and reduced, respectively. Let k1 = k2 = 0.5, which is desir-
able under normal circumstances. The correlation coefﬁcient
curves of ﬁve factors and the design speciﬁcations of eave, a
and dmax are obtained (see Fig. 2).
Table 1 Orthogonal experimental design and simulation results.
No. u () m L1 (mm) L2 (mm) L3 (mm) eave a dmax
1 60 1.25 4 10 4 0.0645 3.8664 0.0239
2 60 1.35 7 15 7 0.0001 117.6577 0.0014
3 60 1.45 10 20 10 0.0019 42.1942 0.0215
4 60 1.55 13 25 13 0.0031 58.2754 0.1346
5 90 1.25 7 20 13 0.0044 16.9886 0.0132
6 90 1.35 4 25 10 0.0010 30.6283 0.0142
7 90 1.45 13 10 7 0.3600 2.5883 0.1474
8 90 1.55 10 15 4 0.1001 4.4983 0.0392
9 120 1.25 10 25 7 0.0005 11.7595 0.0010
10 120 1.35 13 20 4 0.2037 3.4464 0.1764
11 120 1.45 4 15 13 0.4332 2.0342 0.2436
12 120 1.55 7 10 10 0.7749 1.6866 0.3023
13 150 1.25 13 15 10 0.0001 105.3868 0.0056
14 150 1.35 10 10 13 0.6814 1.9460 0.1939
15 150 1.45 7 25 4 0.0007 57.2302 0.0244
16 150 1.55 4 20 7 0.5879 1.8000 0.4109
Table 2 Results of initializing value processing.
No. u () m L1 (mm) L2 (mm) L3 (mm) eave a dmax
1 1.0 1.00 1.00 1.0 1.00 1.0000 1.0000 1.0000
2 1.0 1.08 1.75 1.5 1.75 0.0009 30.4305 0.0567
3 1.0 1.16 2.50 2.0 2.50 0.0301 10.9129 0.8995
4 1.0 1.24 3.25 2.5 3.25 0.0484 15.0721 5.6251
5 1.5 1.00 1.75 2.0 3.25 0.0686 4.3939 0.5521
6 1.5 1.08 1.00 2.5 2.50 0.0153 7.9216 0.5940
7 1.5 1.16 3.25 1.0 1.75 5.5791 0.6694 6.1611
8 1.5 1.24 2.50 1.5 1.00 1.5517 1.1634 1.6369
9 2.0 1.00 2.50 2.5 1.75 0.0074 3.0414 0.0426
10 2.0 1.08 3.25 2.0 1.00 3.1565 0.8914 7.3718
11 2.0 1.16 1.00 1.5 3.25 6.7136 0.5261 10.1783
12 2.0 1.24 1.75 1.0 2.50 12.0095 0.4362 12.6336
13 2.5 1.00 3.25 1.5 2.50 0.0019 27.2568 0.2346
14 2.5 1.08 2.50 1.0 3.25 10.5611 0.5033 8.1026
15 2.5 1.16 1.75 2.5 1.00 0.0104 14.8018 1.0176
16 2.5 1.24 1.00 2.0 1.75 9.1108 0.4655 17.1690
Table 3 Results of entropy value e, relative weighted value r
and weighted value b.
Parameter u () m L1 (mm) L2 (mm) L3 (mm)
e 0.1564 0.1575 0.1557 0.1564 0.1557
r 0.1564 0.1575 0.1557 0.1564 0.1557
b 0.20002 0.19975 0.20017 0.20002 0.20017
Table 4 Inverse accumulated generating series.
No. u () m L1 (mm) L2 (mm) L3 (mm)
1 1.0 1.00 1.00 1.0 1.00
2 0 0.08 0.75 0.5 0.75
3 0 0.08 0.75 0.5 0.75
4 0 0.08 0.75 0.5 0.75
5 0.5 0.24 1.50 0.5 0
6 0 0.08 0.75 0.5 0.75
7 0 0.08 2.25 1.5 0.75
8 0 0.08 0.75 0.5 0.75
9 0.5 0.24 0 1.0 0.75
10 0 0.08 0.75 0.5 0.75
11 0 0.08 2.25 0.5 2.25
12 0 0.08 0.75 0.5 0.75
13 0.5 0.24 1.50 0.5 0
14 0 0.08 0.75 0.5 0.75
15 0 0.08 0.75 1.5 2.25
16 0 0.08 0.75 0.5 0.75
212 C. Wang et al.According to Eq. (2), the correlation degree of eave, a and
dmax based on weighted grey correlation analysis are obtained
(see Table 5).
According to Table 5, the order of ﬁve affecting factors
corresponding to the design index eave is m> u>
L1 > L3 > L2. The correlation degree of u and m with eave
is signiﬁcantly larger than the other three factors. The order
of various factors affecting the design index a is
L2 > m> u> L3 > L1. L2 and m are still the main factors.
The effect of L2 plays a greater role than L1 and L3 to the
eave, which is different from the result given above. It showsthat the torsion shear deformation of elliptical cross-section
has larger impact on the non-uniform strain. The order of
Fig. 2 Correlation coefﬁcient curve of ﬁve factors and the design
speciﬁcations.
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L1 > m> L3 > u> L2. The factors of L1, m and L3 have
a major inﬂuence on the damage, and the deformation inten-
sity factors on the damage will be more signiﬁcant.Table 5 Correlation degree of factors and design speciﬁcations.
Parameter u () m
reave 2.1560 2.1660
ra 2.2769 2.2833
rdmax 2.2176 2.23785. Optimization design and analysis of structure parameters of
ECSEE die
5.1. Determination of events, strategies, objectives and polarity
Let the optimization of ECSEE die structure parameters be the
event a, and the 16 groups of programs in Table 1 be the deci-
sions bj, j= 1,2, . . ., 16. The values of eave, a and dmax be the
design indexes and the target value of 16 groups of programs
is shown in Table 6. According to the ECSEE process goals,
objectives and polarity of each index are as follows.
Goal 1 The average effective strain eave. One desired result of
ECSEE process is that the accumulated strain is
greater-the-better, so the value of eave is taken great
polarity to fully broken the grain.
Goal 2 The deformation uniformity coefﬁcient a. The good
grain reﬁnement helps to enhance the overall perfor-
mance of materials, so the value of a should not be
too great and a minimum polarity is better.
Goal 3 The value of maximum damage dmax. The great dam-
age value will lead to the accumulation of micro
defects, which ultimately results in the formation of
microscopic cracks in blanks. Damage should be con-
trolled within a certain range; the smaller the better.
The minimum polarity is taken.
5.2. Interchanging of effect measure
According to the polarity of three goals, eave is calculated by
the maximum effect of Eq. (8), a and dmax are calculated by
the minimum effects of Eq. (9), and the conversion results
are shown in Table 6.
5.3. Space of uniﬁed effect measure
According to Eq. (11), the space of uniﬁed effect measure is
calculated, where j= 1,2, . . ., 16, and the results are shown
in Fig. 3.
5.4. Satisfying situation determine
According to the results in Fig. 3, the rij ¼ 0:6678 is calculated
by Eq. (12), the satisfying situation, sij ¼ ðai; bjÞ ¼
ðai; bj Þ ¼ ðai; b1Þ, is satisﬁed with the decision bj ¼ b1, so the
twelfth program is the satisfying program. The optimal process
parameters of ECSEE die are obtained: the torsion angle u
is 120, the critical ratio m of major-axis to minor-axis
length of the ellipse is 1.55, and the lengths of L1, L2 and L3
are 7, 10 and 10 mm, respectively. In addition, the b12 program
is optimal in 16 solutions according to the data calculated
in Table 6.L1 (mm) L2 (mm) L3 (mm)
2.0790 2.0252 2.0718
2.2567 2.3327 2.2715
2.2404 2.1587 2.2300
Table 6 Conversion results.
Test number (plan) eave a dmax
u1j r
1
j u
2
j r
2
j u
3
j r
3
j
1(b1) 1.00000 0.0833 1.00000 0.4362 1.00000 0.0426
2(b2) 0.00088 0.0001 30.43051 0.0143 0.05670 0.7517
3(b3) 0.03012 0.0025 10.91293 0.0400 0.89949 0.0474
4(b4) 0.04843 0.0040 15.07211 0.0289 5.62512 0.0076
5(b5) 0.06864 0.0057 4.39387 0.0993 0.55208 0.0772
6(b6) 0.01526 0.0013 7.92159 0.0551 0.59404 0.0717
7(b7) 5.57911 0.4646 0.66943 0.6516 6.16109 0.0069
8(b8) 1.55168 0.1292 1.16343 0.3749 1.63694 0.0260
9(b9) 0.00744 0.0006 3.04142 0.1434 0.04262 1.0000
10(b10) 3.15648 0.2628 0.89136 0.4894 7.37184 0.0058
11(b11) 6.71365 0.5590 0.52612 0.8291 10.17831 0.0042
12(b12) 12.00946 1.0000 0.43622 1.0000 12.63360 0.0034
13(b13) 0.00188 0.0002 27.25681 0.0160 0.23457 0.1817
14(b14) 10.56108 0.8794 0.50331 0.8667 8.10255 0.0053
15(b15) 0.01045 0.0009 14.80178 0.0295 1.01762 0.0419
16(b16) 9.11081 0.7586 0.46554 0.9370 17.16900 0.0025
Fig. 3 Space of uniﬁed effect measure.
Fig. 4 Distribution and histogram of effective strain.
Fig. 5 Distribution and histogram of damage.
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6.1. Simulation of ECSEE process
Accordance the optimal design parameters of plan b12, the
diameter of simulated blank D1 is 10 mm. The distribution
and histogram of effective strain for blank are shown in
Fig. 4. The effective strain value of the largest proportion is
about 1 in the histogram of effective strain and the ratio
reaches 23.614%. Most of the effective strain distributes be-
tween the scale of 0.80 and 2.32, and the strain distribution
greater than the value of 1 is relatively uniform.
The distribution and histogram of damage for blank are
shown in Fig. 5. The damage is small and almost close to 0
and takes the percentage of 57.154% in all damages. The opti-
mization process is described in this program, and the damage
inside the material does not reach the level of cracking, which
is a more satisfactory solution.6.2. Experiment of ECSEE process
The experimental material was the commercial pure copper
(99.9%) rod with 10 mm in diameter. The samples were
spark-cut for the rod segment of 35 mm, and then performed
by annealing at high temperature of 650 C for 2 h. In order
Fig. 6 Pictures of initial and processed sample by ECSEE and a
half of extrusion die.
Fig. 7 Selected cross-section of sample for OM.
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homogeneous coarse grains, the prepared samples were exe-
cuted by furnace cooling and grinding. The extrusion test
was on the 350 t hydraulic press at an extrusion speed of
1 mm/s. The initial and processed samples by ECSEE and a
half of extrusion die are shown in Fig. 6. The experimental re-
sult is successful and the sample has uniform deformation,
smooth ﬁber lines and eligible shape with the die structure.
An optical microscope (OM) via metalloscope (Olympus
PMG3) is used to observe the holistic microstructure of the de-
formed Cu samples. For OM observations, the samples are
etched in a solution containing FeCl3, HCl and H2O (with a
ratio of 1:3:20) for 10 s. Figs. 7 and 8 show the selected
cross-section and metallographic observations for the ECSEE
Cu sample, respectively.
The grain sizes of the as-annealed sample are within the
range of 10–50 lm and annealing twins are found in some
grains (see Fig. 8a). The cross-section 1 locates in the elliptical
cross-section torsion transitional channel L2 of die. Seen from
Fig. 8b, the grains in the circumference of sample are subjected
to strong shear deformation, elongated, and even broken;
however, the ones near the inside change little due to the few
shear deformation. The grains in circumferential direction
are not subjected to the same large torsion shear deformation.
The elongated and broken phenomenon for grains in the cir-
cumferential direction from Fig. 8c is not clear as expected.
If the selected position of OM is in the minor-axis of elliptical
cross-section, and the grains are subjected to less shear deforma-
tion than the position of major-axis (the dark color note of distri-
bution of effective strain for blank in Fig. 4), the microstructure
could change indistinctively. The analyses are consistent with
the ﬁnite element simulation results and TE-related research.3
Fig. 8d shows the microstructure in the center of the cross-
section 2, at the end of extrusion sample. There is little change
in grain size (reﬁning to 5–40 lm). The deformation of internal
regionmaybe increase with the increasing passes of ECSEE pro-
cess, and the grains can obtain favorite reﬁnement.However, the
original large grain size becomes smaller and more rounded in
shape, in particular, compared with the undeformed sample.Fig. 8 Cross-sectional metallographic observations of ECSEE Cu s
circumference b of cross-section 1, (d) center of cross-section 2 and (eFig. 8e is the metallographic in circumferential direction of
sample, where the grains have been signiﬁcantly reﬁned to 1–
10 lm. The metallographical results are satisfactory for theample: (a) as-annealed, (b) circumference a of cross-section 1, (c)
) circumference of cross-section 2.
216 C. Wang et al.more uniform grain size and distribution and no obvious defects
(the consistency with Fig. 5). The effect of grain reﬁnement is
inferior to that of other SPD methods for the deﬁciency of one
pass of ECSEE deformation. However, we believe that ECSEE
will achieve a satisfactory effect for ultraﬁne-grained materials
with further experimental and theoretical study.
7. Conclusions
(1) The order of ﬁve affecting factors on the design index
eave is m> u> L1 > L3 > L2. The correlation degree
of u and m with eave is signiﬁcantly great. The order
of various factors affecting the design index a is
L2 > m> u> L3 > L1; L2 andm are still the main fac-
tors, and the effect of L2 plays a greater role than that of
L1 andL3 on eave. It shows that the torsion shear deforma-
tion of elliptical cross-section has larger impact for non-
uniform strain. The order of various factors on the design
index dmax is L1 > m> L3 > u> L2. The factors of L1,
m and L3 have a major inﬂuence on the damage.
(2) The process parameters are optimized by introducing the
grey situation decision theory, and the ECSEE optimal com-
bination of process parameters is obtained: u=120,
m=1.55, L1 = 7 mm, L2 = 10 mm and L3 = 10 mm.
(3) According to the optimization parameters of die
structure, the ﬁnite element simulation shows that the
effective strain distribution of blank is uniformity, and
the damage is small. The experimental results indicate
that the ﬁber line of blank is smooth and the shape is
desired.
(4) Since the research of ECSEE process is at the initial
stage, it is necessary to explore the affecting factors
and the inﬂuence degree of process indexes, the optimi-
zation of ECSEE die structure and process parameters
under the complexity factor of multi-constraint. This
paper will contribute to the grey system theory in the
broader ﬁeld of integrated applications, meanwhile pro-
viding a theoretical frame of reference to the related
ﬁelds of design and process parameters.Acknowledgements
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